To investigate the specificity of comoviral 24 kDa (' 24K') proteinases, a full-length cDNA copy of red clover mottle virus (RCMV) RNA 1 has been cloned downstream of a T7 promoter. Translation in rabbit reticulocyte lysates of in vitro transcripts from this clone resulted in the synthesis of a 200K protein which was processed in a manner similar to that of the equivalent protein from cowpea mosaic virus (CPMV). Full-length cDNA clones of the RNA 1 molecules of RCMV and CPMV were used to create hybrid RNA 1 molecules. RNA transcribed in vitro from these hybrids was translated in vitro and the ability of the 24K proteinase from one comovirus to cleave the 32K/170K processing site from the other assessed. The results of the experiments show that the 24K proteinases are virus-specific in cis.
Comoviruses are plant RNA viruses whose genomes consist of two messenger-sense RNA molecules (RNA I and RNA 2) which are separately encapsidated in icosahedral capsids. Both RNAs are expressed through the synthesis and subsequent cleavage of large precursor polyproteins. In the case of RNA 1, the 200 kDa ('200K') precursor protein is initially cleaved near its N terminus to give the 32K and I70K proteins after which the I70K protein is further processed. RNA 2 directs the synthesis of two C-coterminal proteins which are cleaved to give the 58/48K proteins (from the N terminus) and the 60K precursor of the viral coat proteins (for a review, see Goldbach & van Kammen, 1985) . Studies on cowpea mosaic virus (CPMV), the type member of the group, have shown that the RNA I-encoded 24K proteinase is the enzyme responsible for all the cleavages (Franssen et al., 1984; Verver et aI., 1987; Vos et al., 1988) . This enzyme is a cysteine proteinase which is structurally related to the trypsin-like serine proteinases (Bazan & Fletterick, 1988; Gorbalenya et al., 1989; Dessens & Lomonossoff, 1991) . While the 24K proteinase alone is sufficient to catalyse the cleavage of the RNA 1-encoded polyprotein in cis, the RNA 1-encoded 32K protein is required as a co-factor for the processing of the RNA 2-encoded polyproteins in trans to separate the 60K coat protein precursor from the 58/48K proteins (Vos et al., 1988) .
To date, research on the virus specificity of comovirus 24K proteinases has been limited to determining whether the proteolytic activity encoded by the RNA 1 of one comovirus can cleave the RNA 2-encoded polyproteins of another in trans (Gabriel et al., 1982; Goldbach & Krijt, 1982) . In all cases, the proteinase activity, though capable of cleaving the products from the homologous RNA 2, could not process the heterologous proteins. Though the results suggested that comoviral 24K proteinases may be virus-specific, the cleavage examined (the release of 60K coat protein precursor) was subsequently shown to require the presence of the 32K protein (Vos et al., 1988) . It is possible, therefore, that the specificity observed with trans cleavages may have been conferred by the latter protein.
To investigate whether comoviral 24K proteinases are intrinsically virus-specific, we wished to create full-length RNA I hybrids between two comoviruses, so that the cleavage specificity in cis could be examined. The cleavage most suitable for this purpose is the primary cleavage between the 32K and 170K proteins as it occurs rapidly and efficiently in reticulocyte lysates and has been used previously to assess the proteolytic activity of mutant 24K proteinases (Dessens& Lomonossoff, 1991) . The viruses selected were CPMV and red clover mottle virus (RCMV) strain S, since their RNA I molecules have been sequenced completely (Lomonossoff & Shanks, 1983; Shanks & Lomonossoff, 1992) and an infectious clone of CPMV RNA I is available (Dessens& Lomonossoff, 1991) . To confirm that the processing pathway of the polyprotein of RCMV RNA 1 is similar to that of CPMV RNA 1, the viral RNA 1 molecules extracted from separated bottom components of the two viruses were translated in messenger-dependent rabbit reticulocyte lysate in the presence of [35S]methionine and the products analysed on SDS-polyacrylamide gels as described in Dessens& Lomonossoff (1991) . As expected, CPMV RNA 1 directed the synthesis of a high molecular mass protein (the 200K polyprotein) which, within the first hour of translation, was processed to give the 170K and 32K proteins ( Curiously, no equivalent of the CPMV 32K protein could be seen at either time. This is not due to the protein being poorly labelled since the RCMV 32K protein is predicted to contain more methionine residues than its CPMV equivalent (Shanks & Lomonossoff, 1992) . The failure to observe the 32K equivalent is, therefore, probably due to its instability in the lysate. To construct a clone from which full-length RCMV RNA 1 could be transcribed in vitro, first-strand cDNA to RNA 1 was primed with the oligonucleotide pd(CGACGCGTll) (termed oligo dT-Mlu), which contains the sequence of an MlluI site linked to oligo(dT). Synthesis was carried out using the conditions described previously (Shanks & Lomonossoff, 1990) . The full-length cDNA clone to RCMV RNA I was obtained by ligation of large fragments generated by PCR amplification. In the first stage, the 3'-terminal 4610 bp of RNA 1 was obtained by PCR amplification on first-strand cDNA using oligo dT-Mlu and d(GCTGCTTTAGTGTTC-GGA), which is complementary to nucleotides 1425-1432 of RCMV RNA 1 (Shanks & Lomonossoff, 1992) , as primers. The double-stranded DNA was digested with PstI and cloned into PstI/HincII-digested MI3mp19 to produce the clone MI3-Pst/Hinc 4. In the second stage, the 5'-terminal portion of RNA I was cloned in two halves making use of the HincII site at position 280 and the unique PstI site at position 1663. The right-hand half was obtained by amplification on first-strand cDNA using primers d(TTTTCTTCTCCTAATTC) and d(GGTATTTTCCTAACACC), which correspond to positions 203-220 and 1679-I696 (complementary sense) respectively, and the resulting product digested with HinclI and PstI. The left-hand hall which includes all of the 5' untranslated region plus sequence up to nucleotide 280 (position of the HincII site), was obtained using a cDNA clone containing nucleotides 34-513 of RCMV RNA 1 as a template. The forward primer contained the sequence of a Sa]I site and a T7 promoter, d(GGTCGACTAATACGACTCACTATAG), coupled to 65 nucleotides from the 5' sequence of RCMV RNA 1. PstI and SmaI digestion) and M13-Sal/Pst9 were ligated into SalI/SmaI-cut pUC19 to give plasmid pBS22 (Fig. 2) .
RNA was transcribed from M/uI-linearized pBS22 using T7 RNA polymerase and translated in reticulocyte lysate as described above. The high molecular mass products synthesized after I h (the 20OK and I7OK proteins) were similar both to those synthesized in response to viral RNA 1 and to those synthesized in response to transcripts from the full-length clone of CPMV RNA 1, pBTT-123 (Fig. lb) . After 20 h incubation, no 200K protein could be seen either with the CPMV or RCMV RNA 1-specific transcripts. These results indicate that the open reading flame in pBS22 is intact and that the 24K proteinase domain is functional.
To determine whether the proteinase of one comovirus can cleave the polyprotein from another in cis, a pair of full-length reciprocal hybrids containing the proteinase domains of either CPMV or RCMV and the heterologous 32K/170K cleavage site were constructed (Fig. 2) . The hybrid clones were designed to include sequences from the homologous virus immediately upstream of the 24K proteinase, since such sequences have been shown to influence the proteolytic activity of the enzyme (Dessens & Lomonossoff, 1992) . In view of this, exchanges were made upstream of the proteinase-encoding regions at the EcoRI site at position 2979 of RCMV RNA I (Shanks & Lomonossoff, I992; Fig. 2 ). For the construction of the hybrids we made use of clone pBT7-RC1, which contains nucleotides 1-3344 from CPMV RNA 1 linked to residues 3395--6033 from RCMV RNA 1 (Dessens, 1992) . For the construction of pBT7-RC2, which contains the 24K proteinase from RCMV, a synthetic oligonucleotide, pd(CAGTATTGATGAATTCGG-CTGCTGGAG), was used to create an additional EcoRI site at position 2927 of CPMV RNA 1. The site-directed mutagenesis (Kunkel et aI., 1987) was carried out on clone M13mp18-B1, which contains nucleotides 2301-3865 from pBT7-123 (Dessens& Lomonossoff, 1992) . Nucleotide sequence analysis confirmed that the mutagenesis had not introduced any unwanted alterations in the 24K-coding region. Replicative form DNA from a selected MI3 mutant (mplS-B22) was digested with SstI and EcoRI and the smaller SstI/EcoRI fragment, containing nucleotides 2301 and 2927 of RNA 1, was isolated, pBS22 was digested with EcoRI and MstII (position 5096) and the 2117 bp fragment was isolated. The two fragments were cloned into SstI/MstlI-digested pBT7-RC1 by a three-point ligation to give pBT7-RC2. For the construction of hybrid pBT7-RCS, which contains the 24K proteinase from CPMV, the SstI/BamHI fragment, containing nucleotides 2301-3847 of CPMV RNA I, was isolated from mplS-B22 and ligated into SstI/BamHI-digested pBTT-123. The modified pBT7-123 containing the extra EcoRI site at position 2927 was digested with EcoRI and MIuI and the fragment containing nucleotides 2927-5889 of CPMV RNA 1 was ligated into the 5"7 kb fragment of pBS22 obtained by MluI and partial EcoRI digestion.
When RNA transcribed from MluI-linearized pBTT-RC2 or pBT7-RC5 was translated in reticulocyte lysate, only a single high molecular mass protein which co-migrated with the 200K protein from pBT7-123 was synthesized (Fig. 3a) . These products failed to cleave, even after 20 h incubation. These observations demonstrate that the RCMV 24K proteinase in pBT7-RC2 cannot process at the CPMV-specific 32K/170K cleavage site and, likewise, that the CPMV 24K proteinase in pBT7-RC5 cannot process the equivalent RCMV junction. Both sites are, however, clearly processible by the homologous proteinase (Fig. lb) . In the case of pBT7-RC2, the lack of processing is confirmed by the fact that no CPMV-specific 32K protein, which is stable, accumulates. The apparent specificity of the cleavage reactions above, could, in theory, be conferred by sequences within the 87K !36~ : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :::::::::: : : : : ::::: protein.
To test this, transcripts were synthesized from plasmids pBT7-I23 and pBS22 linearized with BamHI and AvaI, respectively. Translation of these transcripts leads to the synthesis of truncated polyproteins containing only 62 and 78 amino acids, respectively, from the 87K protein. In both cases, efficient processing at the 32K/170K junction occurred (data not shown). When transcripts from AvaI-linearized pBT7-RC2 and BamHI-linearized pBT7-RC5 were translated, again no processing at the heterologous 32K/ITOK junction could be seen under conditions where the truncated polyprotein from pBT7-123 was efficiently processed (Fig. 3b) . These results eliminate the possibility that cleavage specificity is determined by the 87K protein.
The above findings confirm that comovira124K proteinases are virus-specific in cis. In view of this intrinsic specificity it seems probable that the specificity observed previously for the trans cleavages is also due to the 24K proteinase itself, rather than being mediated by the 32K protein. A similar specificity has been noted with the equivalent proteinases from potyviruses (Garcia et al., 1989; Parks & Dougherty, 1991) . The origin of the specificity is unclear but it probably does not lie in the sequence of the dipeptide at the cleavage site. Although the cleavage site between the 32K and I70K proteins differs between CPMV and RCMV (Q/S as opposed to Q/G), both RNA 1-encoded polyproteins contain both types of site (Fig.  2) . Indeed some of the sites recognized by the proteinases have extensive similarity. For example, the cleavage site between the 24K and 87K proteins is AQAQ/GAE in both CPMV and RCMV (Wellink eta]., I986; Shanks & Lomonossoff, I990) . Comparisons between the 24K proteinases of CPMV and RCMV indicated that all the residues predicted as being involved in substrate-binding (Bazan & Fletterick, 1988) are strictly conserved (Shanks & Lomonossoff, 1990) . Thus there are no gross features on the proteinases which can be identified as determining the virus specificity. It therefore seems probable that the specificity is governed by some subtle feature of the three-dimensional interaction between the substrate and the substrate binding pocket of the enzyme. The three-dimensional structure of the cleavage site has been shown to be important in the processing of picornavirus polyproteins (Ypma-Wong et al., 1988) and the specificity determinants of potyviral NIa proteases appear to be contained in several domains in the Cterminal portion of the enzymes (Parks & Dougherty, 1991) . Analysis of the three-dimensional structure of the comoviral 24K proteinases will be necessary before the mechanism of specificity can be fully understood. 
